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Abstract: It is limiting to use conventional methods when characterising 
material properties of complex biological tissues with inhomogeneous and 
anisotropic structure, such as the anterior cruciate ligament (ACL) in 
the knee joint. This study aims to develop and utilise a three-
dimensional digital image correlation method (3D DIC) for the purpose of 
determining material properties of femur-ACL-tibia complex across the 
surface without any contact between the tissue and the loading equipment. 
A full-field (360° view) 3D DIC test setup consisting of six digital 
single-lens reflex cameras was developed and ACL specimens from 
skeletally mature dog knee joints were tested. The six cameras were 
arranged into three pairs and the cameras within each pair were 
positioned with 25⁰ in between to obtain the desired stereovision output. 
The test setup was calibrated twice: first to obtain the intrinsic and 
extrinsic parameters within camera pairs, and second to align the 3D 
surfaces from each camera pair in order to generate the full view of the 
ACLs. Using the undeformed 3D surfaces of the ligaments, ACL-specific 
finite element models were generated. Longitudinal deformation of 
ligaments under tensile loads obtained from the 3D DIC, and this was 
analysed to serve as input for the inverse finite element analysis. As a 
result, hyperelastic coefficients from the first-order Ogden model that 
characterise ACL behaviour were determined with a marginal error of <1.5 
%. This test setup and methodology provides a means to accurately 
determine inhomogeneous and anisotropic material properties of ACL. The 
methodology described in this study could be adopted to investigate other 
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Dear Professor William Wagner,  
 
We wish to submit an original research article entitled “A Novel Imaging and Modelling Technique to 
Characterise Anterior Cruciate Ligament Mechanics ex vivo” for consideration by Acta Biomaterialia. 
We confirm that this work is original and has not been copyrighted, published, submitted, or accepted 
for publication elsewhere. 
In this paper, we report the development and utilisation of a novel and non-conventional methodology 
involving full-field three-dimensional digital image correlation (3D DIC) and finite element analysis to 
investigate material properties of biological tissues with complex anatomical structure in a controlled 
environment. This is significant because, unlike conventional methods where contact measurements 
are adopted to characterise material properties of soft biological tissues such as anterior cruciate 
ligament, our novel method is based on non-contact optical measurements where deformation all 
around and across the surface of the specimen is monitored. Our full-field optical measurement 
technique reduces inaccuracies due to clamping and more importantly considers the inhomogeneous 
nature of the specimen. With the aid of 3D DIC and specimen specific inverse finite element analysis, 
we determined material parameters of the ligaments, which can be adopted in numerical studies of 
the ligament.  
An article on the application of single view DIC by Mallett and Arruda (2017) has been publish in Acta 
Biomaterialia, and recently another article on the application of DIC to developing devices for residual 
limbs by Solav et al. 2019 in IEEE transactions of biomedical engineering have been published. Both 
original articles are highly cited which lead us to believe that our paper on 3D DIC and inverse 
modelling is both timely, and relevant to your journal.  
In addition, we believe that this manuscript is appropriate for publication by Acta Biomaterialia and of 
interest to its readership because it contains engineering development in methods for biomaterial 
characterisation. With our methodology, researchers can investigate the non-uniform deformation of 
soft biological tissue, including cruciate ligaments, Achilles tendon and bioengineered tissues. 
 





Statement of Significance 1 
Determining the material properties of soft tissues with complex anatomical structure, such 2 
as the anterior cruciate ligament (ACL), is important to better understand their contribution to 3 
musculoskeletal biomechanics. Current conventional methods for characterising material 4 
properties of the ACL are often limited to a contact measurement approach, however an 5 
improved understanding of the mechanics of this complex tissue is vital in terms of 6 
preventing injury and developing novel therapies. This article reports the development and 7 
utilisation of non-contact optical methodology involving full-field three-dimensional digital 8 
image correlation and finite element analysis to accurately investigate material properties of 9 
the ACL, in a controlled environment. This technique reduces inaccuracies due to specimen 10 
clamping and more importantly considers the inhomogeneous nature of the examined tissue. 11 
Statement of Significance
A full-field 3D Digital Image Correlation and Modelling Technique to Characterise 
Anterior Cruciate Ligament Mechanics ex vivo 
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RESPONSE TO REVIEWERS’ COMMENTS 
We thank the Editor and Reviewer for taking the time to read our revised work and provide 
their helpful and constructive comments. We have addressed the points raised by both the 
Editor and the Reviewer. The Editor and Reviewer’s comments are displayed in italics and 
our response is given immediately below in plain text. We have also highlighted the 
corresponding changes in our manuscript (previous revision was highlighted in yellow and 
the current revision is highlighted in green).  
 
Editorial Office: 
1. Please submit a text file containing the figure legends separately from both the figures and 
the body of the manuscript. 
We thank the Editor for their suggestion. We have now created a text file only containing the 
Figure legends.  
 
2. Please increase the size and legibility of the text in the Graphical Abstract as it will not be 
readable at the size published online. 
We have revised and simplified the Graphical Abstract allowing us to increase the size of the 
text whilst adhering to the requirements specified by the journal. The maximum font size we 
have used is 15, and the minimum font size is 13.  
 
Reviewer #1:  
3. I congratulate with the Authors with their excellent job in addressing all the comments and 
in providing exhaustive details. 
I sincerely appreciate the value of the paper in its current form. 
We thank the Reviewer very much for their comment. 
 
4. As a final remark, please, check the significance of adding the 3-4 significant digits in 
Tables 1, 2, 3. 
For instance: 
- Table 1: 2 decimals for mu and alpha would be enough 
- Tables 2 and 3: aren't 3 decimals too many for a displacement measurement? Given the 
percentage values is high, approximating to the first unit (no decimals) would be sufficient. 
*Response to Reviewers
Table 1: We agree with the Reviewer. We have now reduced the decimal points from three 
to two for mu and alpha, and their corresponding statistical data.  
Table 2 and 3: We have now reduced the decimal points for the coefficient of variations to 
remove the decimal points. However, we have left the displacement measurements as three 
decimal points because we were able to capture deformation to five decimal points from our 
imaging setup. We have also revised and modified the main text of the article to reflect the 
changes we have made in the Tables 1, 2 and 3. New modifications are highlighted in green. 
 
Modified paragraph in the main text (Lines 332-337): 
Variabilities across the specimens showed the highest standard deviation of 54% of the 
mean and this value decreases with increasing the applied load with the lowest value being 
39% (Table 2). Specimen one, two and three showed similar patterns of decreasing 
coefficient of variation with increasing loads (Table 3). The range of coefficient of variation in 
specimen five was 22 to 26 %, which is noticeably smaller compared to the rest of the 




Numerical parameters (µ and α) derived from inverse analysis of the ACL-specific finite 
element models defining non-linear hyperelastic characteristics of the ACLs. Root mean 
square (RMS) values represents the accuracy achieved between experimental and 
numerical data during the inverse analysis. There are two suspected outliers, and they are µ 
for specimen one and α for specimen three. The coefficient of variation for both parameters 
might have been affected because of the suspected outliers. 
Specimen No. µ α RMS (%) 
1 2.58 20.36 0. 63 
2 0.23 17.72 1.11 
3 0.82 70.32 0.53 
4 0.64 44.52 0.67 
5 0.08 14.31 0.76 
First Quartile (25%) 0.16 16.01 
 
Third Quartile (75%) 1.70 57.42 
Interquartile Range (IQR) 1.54 41.40 
Suspected Outliers (Inner Fence: 1.5 x IQR) 2.32 62.11 
Outlier (Outer Fence: 3 x IQR above third quartile) 6.33 181.63 
Outlier (Outer Fence: 3 x IQR below first quartile) 4.48 108.20 
Mean 0.87 33.44 
Standard Deviation 1.00 23.81 
Coefficient of Variation (%) 115.24 71.18 
Mean – excluding outlier 0.44 24.23 
Standard Deviation – excluding outlier 0.34 13.75 






Longitudinal displacement obtained from the digital image correlation test setup, their 
corresponding standard deviation, and the coefficient of variation values across the five 
cadaveric specimens. The highest standard deviation is 54% of the mean and this value 
decreases with increasing the load with the lowest value being 39%. 
Load (N) Longitudinal Displacement (mm) Standard Deviation Coefficient of Variation (%) 
0.0 0 0 N/A 
1.1 0.074 0.040 54 
2.2 0.129 0.063 49 
3.3 0.168 0.079 47 
4.4 0.198 0.088 44 
5.5 0.229 0.099 43 
6.6 0.257 0.108 41 
7.7 0.278 0.112 40 
8.8 0.300 0.120 39 




Longitudinal displacement obtained from the digital image correlation test setup, their corresponding standard deviation, and the coefficient of 
variation values within the specimens. The standard deviation describes variability of data obtained from different camera pairs. Abbreviations: 
Dis, longitudinal displacement; SD, standard deviation of the mean; CV, coefficient of variation. 
Load (N) 


























0.0 0.000 0.000 N/A 0.000 0.000 N/A 0.000 0.000 N/A 0.000 0.000 N/A 0.000 0.000 N/A 
1.1 0.028 0.010 36 0.086 0.047 55 0.036 0.025 69 0.116 0.048 41 0.105 0.024 22 
2.2 0.061 0.020 32 0.141 0.073 51 0.065 0.043 66 0.193 0.082 42 0.183 0.042 22 
3.3 0.085 0.027 32 0.179 0.089 49 0.087 0.058 66 0.246 0.110 44 0.241 0.059 24 
4.4 0.110 0.033 30 0.209 0.101 48 0.105 0.069 66 0.279 0.127 45 0.285 0.073 25 
5.5 0.134 0.039 29 0.243 0.109 44 0.121 0.080 65 0.312 0.145 46 0.334 0.088 26 
6.6 0.158 0.043 26 0.269 0.113 41 0.136 0.089 65 0.341 0.162 47 0.378 0.086 22 
7.7 0.178 0.048 27 0.292 0.117 40 0.149 0.098 65 0.364 0.176 48 0.406 0.099 24 
8.8 0.197 0.051 25 0.314 0.122 38 0.161 0.105 65 0.387 0.192 49 0.440 0.100 22 
9.9 0.214 0.055 25 0.330 0.132 39 0.172 0.110 64 0.409 0.206 50 0.463 0.104 22 
 
 
Surfaces obtained from a full-field 3D DIC 
Transformation 
parameters 
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It is limiting to use conventional methods when characterising material properties of complex 2 
biological tissues with inhomogeneous and anisotropic structure, such as the anterior 3 
cruciate ligament (ACL) in the knee joint. This study aims to develop and utilise a three-4 
dimensional digital image correlation method (3D DIC) for the purpose of determining 5 
material properties of femur-ACL-tibia complex across the surface without any contact 6 
between the tissue and the loading equipment. A full-field (360° view) 3D DIC test setup 7 
consisting of six digital single-lens reflex cameras was developed and ACL specimens from 8 
skeletally mature dog knee joints were tested. The six cameras were arranged into three 9 
pairs and the cameras within each pair were positioned with 25⁰ in between to obtain the 10 
desired stereovision output. The test setup was calibrated twice: first to obtain the intrinsic 11 
and extrinsic parameters within camera pairs, and second to align the 3D surfaces from 12 
each camera pair in order to generate the full view of the ACLs. Using the undeformed 3D 13 
surfaces of the ligaments, ACL-specific finite element models were generated. Longitudinal 14 
deformation of ligaments under tensile loads obtained from the 3D DIC, and this was 15 
analysed to serve as input for the inverse finite element analysis. As a result, hyperelastic 16 
coefficients from the first-order Ogden model that characterise ACL behaviour were 17 
determined with a marginal error of <1.5 %. This test setup and methodology provides a 18 
means to accurately determine inhomogeneous and anisotropic material properties of ACL. 19 
The methodology described in this study could be adopted to investigate other biological and 20 
cultured tissues with complex structure. 21 
 22 
Keywords 23 
Anterior cruciate ligament; three-dimensional digital image correlation; finite element model; 24 


































































1. Introduction 26 
Measuring mechanical properties of soft biological tissues such as knee joint ligaments are 27 
valuable for biomedical research and developing medical products. Due to the anisotropic, 28 
non-linear and inhomogeneous nature of knee ligaments, it is challenging to characterise 29 
their mechanical properties using conventional methods. 30 
There are different engineering systems to measure material deformation of such complex 31 
tissues, including measuring the deformation by assuming that the strain field is 32 
homogenous in the gauge area and the lengthening of the specimen corresponds to the 33 
displacement of the machine crosshead [1]. Other systems are based on contact or non-34 
contact measurement techniques [2,3]. A contact measurement technique acts as a single-35 
point gauge or an extensometer, therefore; it can only record strain from one small area. 36 
Non-contact measurement techniques using optical approaches such as digital image 37 
correlation (DIC) allow local strain measurements to be taken on the surface of an object 38 
without any contact between the object and its strain measurement equipment [4,5].   39 
Different arrangements of DIC involving the use of single and multi-camera with two- or 40 
three-dimensional capabilities have been described [4,6–11]. A two-dimensional (2D) DIC 41 
technique was first utilised in the 1980s [4,5] and consists of a single fixed camera which 42 
results in limited measurement of the in-plane (x-y plane) deformation of the object under 43 
loading. Any out-of-plane (x-z and y-z planes) deformation changes the magnification and 44 
leads to errors in the deformation measurements. Errors due to oblique angle observations, 45 
present in the 2D setup, are compensated for in the three-dimensional (3D) DIC method 46 
[5,12,13]. As with stereopsis, a 3D DIC setup is based on photogrammetric principles and 47 
uses images of the same object from at least two different angles to calculate the 3D 48 
coordinates of the entire surface [7,14].  49 
Three-dimensional DIC has been proven to be an accurate and reproducible tool for strain 50 


































































is not affected by the mechanical measuring system (i.e. test clamps or strain gauge) [15–52 
22]. A study showed that strain values measured using a DIC method was lower than that 53 
measured using a traditional grip-to-grip method [19]. This difference was thought to be 54 
mainly due to slippage of the tissue within the grip system [23]. 3D DIC also has challenges 55 
including those caused by the size and shape of the test specimen when using two-camera 56 
systems [24]. For example, an object with complex curvature may produce visual blind spots 57 
that the cameras cannot resolve properly into an accurate 3D image. In these cases, a multi-58 
camera 3D DIC system has been reported to overcome the difficulties with monitoring 59 
surface strain [24,25].  60 
In order to apply a DIC system to soft biological tissues, such as knee ligaments with little to 61 
no texture, a speckle pattern needs to be generated on the area under observation [26]. 62 
Researchers used different approaches to create speckle patterns on biological tissues and 63 
no study has reported significant changes in the material characteristics of the tissues after 64 
the application of paint [15,18,19].  65 
Recently, a framework using multi-view 3D DIC for measuring the time-varying shapes of 66 
residual limbs has been reported with an intention to better design wearable technologies 67 
[27]. The framework is thought to be useful in characterising soft tissue mechanics. 68 
However, considerable modifications including installation of new camera lenses and test rig 69 
arrangements are required in order to perform ex-vivo mechanical tests on a cadaveric knee 70 
ligament in a controlled environment such as hydration. Other studies developed 3D DIC 71 
systems to characterise material properties of the Achilles tendon [14], superficial medial 72 
collateral ligament [17], and ovine anterior cruciate ligament [19]. It is of critical importance 73 
that in determining our understanding of the mechanical properties of the anterior cruciate 74 
ligament (ACL) that techniques used do not compromise its inhomogeneous and complex 75 
structure. Hence, in this study we developed a methodology to test complex bone-ligament-76 
bone constructs as whole structures. The methodology in this study comprised of developing 77 


































































analysis to derive representative material properties of tissues with complex geometry and 79 
structure. A preliminary version of this work has been reported [28]. 80 
 81 
2. Material and methods 82 
2.1. Specimen Preparation 83 
Five disease-free knee joints (determined to be disease-free by a boarded veterinary 84 
orthopaedic specialist using the Outerbridge criteria) from cadavers of skeletally mature 85 
Staffordshire bull terrier dogs were obtained with full ethical permission from the institutional 86 
veterinary research ethics committee (RETH000553 and VREC65). The dogs were 87 
euthanised for reasons other than musculoskeletal injury. Knee joints with bodyweight >20 88 
kg (range: 21.5 to 29.4 kg) and age >18 months (range: 1.8 to 3 years old) were collected for 89 
this study. The entire knee joints were frozen at -20°C until required and defrosted at room 90 
temperature (20°C) prior to removing the anterior cruciate ligaments (ACL) as a femur-91 
ligament-tibia complex. Storage and refreezing of the ligament is suggested to have little or 92 
no effect on the biomechanical properties [29,30]. 93 
The five ACLs were extracted with precision to avoid damage to the ligament and ensure 94 
that 10 mm of bone was left on each side of the ligament (Fig. 1a and b). The 10mm femur 95 
and tibia bone sections that were left connected to the ligament formed a femur-ACL-tibia 96 
complex and allowed the measurement of end-to-end ligament deformation as well as 97 
helping to facilitate the clamping of the specimen. These dissected specimens were wrapped 98 
in paper soaked with phosphate buffered saline (PBS) and frozen at -20 ⁰C to preserve them 99 
until they were required for testing. Before any tests took place, the specimens were thawed 100 
in room temperature (20°C). Two 1.1mm arthrodesis wires (Veterinary Instrumentation, 101 
Sheffield, UK) were drilled through the tibia and femur bone ends to assist with clamping the 102 


































































spiral feature has been reported to be approximately 90 degrees [31,32]. The ACLs were 104 
clamped such that this spiral feature was replicated when mounted in the test setup. 105 
 106 
2.2. Full-Field 3D DIC Setup  107 
The ACLs were secured using a custom-built stainless-steel clamp to an Instron 3366 tensile 108 
testing machine fitted with a 10 N load-cell (Instron, Part No. 2530-428). The ACLs were 109 
sprayed with fast drying matt black colour paint (RS 764-3039 – based on alkyd resins and 110 
insoluble in water) to create randomly distributed and distinct speckles with an optimal 111 
speckle size of 0.02 – 0.2 mm (Fig. 1c) [18]. A preload of 0.1 N was applied to remove laxity 112 
within the ACL and the ACLs were preconditioned by performing five loading-unloading 113 
cycles to a maximum load of 9.9 N at strain rate of 10 %/min. The ACLs were then tested to 114 
determine their tensile behaviour at 1 %/min strain rate up to a maximum load of 9.9N and 115 
this range was chosen to observe the viscoelastic behaviour of the ligament [33]. 116 
Deformation images were taken at 1.1 N intervals during loading using the full-field 3D DIC 117 
setup [24,26]. A multi-camera trigger box, built in-house, was used to visually synchronise 118 
the applied loads with the images. Specimen deformation was monitored in three directions 119 
(x, y, and z), using six digital single-lens reflex (DSLR) camera bodies with Canon EF 120 
100mm f2.8 USM Macro lenses (Canon, Tokyo, Japan), obtaining 5184 x 3456 pixels per 121 
image. Adjacent cameras were paired generating three camera pairs in total and the 122 
cameras within each pair were positioned with 25⁰ in between to obtain the desired 123 
stereovision output. The first pair consisted of cameras 1 and 2, the second pair cameras 3 124 
and 4 and the third pair cameras 5 and 6 (Fig. 2a and b). As shown in Fig. 2a, front 125 
(detachable) and back (stationary) frames were custom designed around the materials 126 
testing machine in order to hold the cameras in place around the ACL on the load cell. The 127 
centreline of the first pair was positioned at 130⁰ to both the second and third pairs whilst the 128 
centrelines of the second and third pairs were positioned at 100⁰ to one another. This 129 


































































During mechanical tests, the ACL was kept in a custom-made stainless-steel tank 131 
accommodating the cameras around the specimen and controlling specimen hydration and 132 
degradation using 20ml buffer solution (15ml of 20mM Tris pH 7.5, 150 mM NaCl, 5 mM 133 
CaCl2) with protease inhibitors (1 tablet of mini-cOmplete per 10 ml of buffer, SIGMA-134 
ALDRICH/Roche, USA) [34]. This custom-made tank was built by creating a 3D model of the 135 
required tank using AutoCAD 3D (AutoCAD 2014, Autodesk, US) and then the tank was 136 
manufactured based on this customised design. The body of the tank was made of stainless-137 
steel to avoid any potential chemical reactions or contamination between the tank and its 138 
medium. Six windows were introduced into the steel tank to accommodate views of the ACL 139 
(Supplementary Materials Fig. S1). These windows, made from 3mm thick borosilicate glass 140 
pieces (Spectraglass Ltd, Perth, UK), were positioned orthogonally (90° ± 0.1°) to the 141 
cameras minimising the distortion due to light refraction, especially when light passed 142 
between the different media (i.e. between the air and the glass windows and between the 143 
glass windows and the buffer solution) [18]. 144 
The multi-camera 3D DIC system was calibrated twice; firstly, for determining the image 145 
parameters (intrinsic and extrinsic parameters) within the paired cameras (for instance, 146 
calibrating camera 1 with 2, camera 3 with 4, and camera 5 with 6) and secondly between 147 
each camera pair (for instance, calibrating the position of camera pair 1 with pair 2 and pair 148 
3). 149 
2.2.1. Calibration I: Calibration of the cameras 150 
In the first calibration process, the intrinsic and extrinsic parameters between two adjacent 151 
cameras (projection parameters) were obtained. To describe briefly, the intrinsic parameters 152 
are internal and fixed to a camera and allow a mapping between camera coordinates and 153 
pixel coordinates in the image frame. The extrinsic camera parameters, the relative position 154 
and orientation of one camera relative to another, are external to the camera. These 155 
projection parameters were obtained by firstly taking images of a Dantec Dynamic’s 156 


































































Dynamics, Denmark, 2014). The calibration plate was immersed inside the test solution 158 
within the steel tank in order to calibrate the cameras to the environment where the ACL 159 
would be tested. Images of the calibration plate were taken by one camera pair at a time and 160 
these images were analysed using Istra4D software (Dantec Dynamics, Denmark, 2014) to 161 
calculate the projection parameters for all three camera pairs. The software also estimated a 162 
mean residual deviation (deviation between synthetic and real-world images) indicating an 163 
average uncertainty of the detected markers on the target plate. In this study, a mean 164 
residual deviation of less than 1 pixel was achieved indicating a reliable calibration process 165 
as suggested by the software manual. 166 
2.2.2. Calibration II: Calibration of the DIC setup 167 
The second calibration process was performed to ensure the three 3D topographies created 168 
from each camera pair would successfully reproduce a full (360°) view of the tested ACLs. 169 
This calibration involved capturing one image of a rotationally non-symmetric rigid object 170 
with a known geometry by all three camera pairs (Supplementary Materials Fig. S2). This 171 
reference object was custom-built out of steel with a high manufacturing resolution (±0.05 172 
mm). The surface of the reference object was painted in matt white to give a distinct bright 173 
surface and then spray painted in matt black to create speckle patterns on the white surface. 174 
This object was placed in the same environment and position as the ACLs would be 175 
positioned during tensile tests. Subsequently, these images were analysed using Istra4D 176 
software in order to extract x, y and z coordinates representing the three surfaces of the 177 
reference object captured by the three camera pairs. To achieve optimal accuracy in DIC 178 
image analysis, a minimum of three speckles per facet and grid size (defining the distance 179 
between the centres of the facets) equal to 2/3rd of the facet size were applied [26]. After 180 
solving the facets from the images, three sets of data (x, y and z coordinates) representing 181 



































































2.3. DIC Image Analysis of the ACLs 184 
One image of each ACL was taken from all six cameras after preloading the ligament and, 185 
subsequently, multiple images were taken at different load points. Images captured after 186 
preloading the ligament were used to construct three surfaces in 3D, whereas the 187 
successive images of the ligament during tensile tests were used to obtain load-deformation 188 
plots. Due to the complex anatomical structure of the ACL, in particular the proximal-to-distal 189 
outward spiral in the ACL, there were minor (approximately <8% of total area) blind spots 190 
where the cameras could not capture the speckle pattern (Supplementary Materials Fig. S3). 191 
Hence, there were regions across the surface of the ACL, such as the tibial and femoral 192 
insertion areas, with missing data points and these regions were recreated using Poisson’s 193 
surface reconstruction through MeshLab (MeshLab, Visual Computing Lab – Italian National 194 
Research Council - CNR, Italy) [35,36].  195 
In this study, three load-deformation plots at the middle region of the ACLs were generated 196 
for each camera pair.  197 
 198 
2.4. Generation of ACL 3D Geometry 199 
The 3D geometry of ACL was generated by aligning the surfaces from the three camera 200 
pairs. Transformation parameters were utilised to align the 3D ACL surfaces, and these 201 
parameters were obtained from the images of the rotationally non-symmetric rigid object 202 
(reference object) as stated in Calibration II.  203 
To obtain the transformation parameters from the reference object, the three surfaces of the 204 
object in 3D were aligned and combined using iterative registrations [37]. Initially, the 205 
coordinate transformation (rotation ( ), and translation ( )) that matched two surfaces of the 206 
reference object, static surface   and dynamic surface  , were found. Each surface was 207 
defined by discrete sets of data points (                  ) and (                 ). 208 


































































object using MATLAB, whilst the dynamic surface   was the data collected from the three 210 
camera pairs using the 3D DIC setup. The dynamic surface   underwent an extrinsic 211 
rotation   and translation   about the origin of the fixed coordinate system of the static 212 
surface  , as in (1). These translation and rotation parameters, as shown in equations (2) 213 
and (3), were necessary to perform the surface matching process. 214 
 215 
                   (1) 216 
 217 
where the overbar represents the transformed data points in terms of x, y, and z coordinates, 218 
and all data points             are required to undergo the same transformation. The 219 
rotation matrix is given by 220 
 221 
                  (2) 222 
 223 
where 224 
    
   
              
             
  
 225 
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             are Euler angles   228 
 229 
          
           (3) 230 
 231 
where T denotes matrix transposition. 232 
 233 
The process of registration focused on determining transformation (rotation and translation) 234 
parameters (                     ). Once these parameters were found, the topography of 235 
the dynamic surface overlapped the topography of the static surface. These transformation 236 
parameters were estimated using the point-to-point Iterative Closest Point algorithm on both 237 
static and dynamic surfaces [38]. The accuracy of this matching process was assessed 238 
based on root mean square values (RMS) as a percentage (4). In this study 100 iterations 239 
were selected to calculate the optimal match between the two surfaces based on the 240 
satisfactory value achieved for the RMS. 241 
 242 
    
 
 
    
 
 
         
  
       
 
         (4) 243 
 244 
where L is the total number of dynamic surfaces obtained from the cameras (L=3), K is the 245 
number of surface points,    and    are     matrices defining the static and dynamic 246 
surfaces.  247 
Once the satisfactory transformation parameters were obtained, they were then used on the 248 


































































operation to create an error-free volumetric computer model of the ACL comprised of refining 250 
the mesh surface using Poisson surface reconstruction algorithm [39], computing normal 251 
vectors of coordinate points and Poisson-disk sampling [40] using MeshLab and MIMICS 252 
(Materialise, Leuven, Belgium). 253 
 254 
2.5. Generation of ACL Finite Element Model 255 
The volumetric computer model generated from the 3D geometry of the ACL was converted 256 
into a finite element model using ABAQUS finite element modelling software 257 
(ABAQUS/Standard 6.13, Dassault Systèmes Simulia Corp., Rhode Island, USA). The finite 258 
element model consisted of hybrid ten-node tetrahedral elements (approximate element 259 
global size of <1mm3) [41] and partitioned into three regions, namely femur, tibia and middle 260 
regions. The two regions representing femur and tibia bones were defined as linear elastic 261 
materials with elastic modulus and Poisson’s ratio of 11 GPa and 0.3 respectively [42,43]. A 262 
parametric study investigating the effect of material properties of the bones on the results of 263 
the middle region of the ACLs was carried out, and the results confirmed that the material 264 
properties of the bones were independent from the results reported on the middle region of 265 
the ACLs in this paper (Supplementary Materials Table S1 and S2). The middle region of the 266 
ACL model was defined with an isotropic Ogden material model [44] to represent the 267 
incompressible and hyperelastic behaviour of the ligament [45–49]. The Ogden form of the 268 
strain energy potential for incompressible models is expressed in terms of the principal 269 
stretches (5): 270 
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where   is the strain energy potential,     is a product of the total volume strain    and the 274 
principal stretch   , which is defined as      
 
 
   .   ,    and    are material constants, and 275 
   values define the compressibility of the material which are chosen as zeros in this study 276 
to account for the nearly incompressible nature of the ACLs [50,51]. For the boundary 277 
conditions, the tibia region was defined as pinned and the femur region as longitudinally 278 
loaded. These boundary conditions were applied throughout-the-thickness of the specimens 279 
rather than only at the external surface. 280 
 281 
2.6. Inverse Finite Element Analysis of the ACLs 282 
The ACL finite element model was utilised to predict the material parameters    and    283 
through an inverse analysis study based on the experimental data for the middle region of 284 
the ACL. Particle swarm optimisation, written in MATLAB in combination with ABAQUS, was 285 
used in the inverse analysis study to find the optimal material parameters that lead to the 286 
best fit between the output from the numerical model and the experimental data, e.g. load-287 
deformation plot [45,52,53].  The optimisation tool was monitoring the minimisation process 288 
of RMS values between the experimental and numerical displacement at a central point on 289 
the middle region of the ACL. The RMS was calculated as percentages of the final 290 
deformation at a particular point across the surface of the ACL (Equation 7) and RMS < 0.1 291 
% was set as a target in this study [18]. 292 
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where N = 10 is the number of load increments, and    
   
 and   
    are the experimental 296 
(exp) and numerical (num) deformations at a given point across the surface of the ACL at a 297 
particular load point.  298 
 299 
2.7. Statistical Analysis 300 
The longitudinal displacement values of the ACLs obtained from the DIC test setup were 301 
analysed for their variability across and within the five ACLs. The variabilities across the 302 
ligaments were studied by calculating the standard deviation of the mean and the coefficient 303 
of variation at different load points. Similarly, standard deviation and coefficient of variation 304 
values were calculated for the study of variabilities within the ACLs. For the within specimen 305 
study, data from the three camera pairs were used. For example, camera pair one produced 306 
a load-displacement curve, and this curve was then compared to the load-displacement 307 
curves from camera pairs two and three. In addition, the first and third quartiles were 308 
calculated for the hyperelastic material parameters obtained from the inverse finite element 309 
analysis. The interquartile range calculated from the first and third quartiles was used to 310 
identify outliers, with suspected outliers being defined as any value greater than or equal to 311 
1.5 times the range. 312 
  313 
3. Results 314 
3.1. Full-Field 3D DIC 315 
The load-displacement plots obtained from the correlation of successive images during 316 
tensile testing presented non-linear behaviour which was similar to the findings from the 317 
Instron testing machine (Fig. 3). The load-displacement curves of a region farthest away 318 
from the moving crosshead of the testing machine (i.e. lower region) extended the least 319 
compared to the middle region and top region. For example, at 5.5 N load, longitudinal 320 


































































respectively. The longitudinal displacement value recorded from the Instron testing machine 322 
at 5.5 N was 0.49 mm. In addition, the total displacement (resultant value of displacement in 323 
three dimensions) across the surface of the ligament showed that the lower region of the 324 
ACLs extended less than regions closer to the test crosshead (Fig. 4). This finding was 325 
similar to the characteristics observed in Fig. 3. The total displacement and longitudinal true 326 
strain across the surface of the ligament, in particular the middle region, was non-uniformly 327 
distributed (Fig. 4). 328 
It should be noted that the speckle patterns, produced from the water insoluble paint, 329 
adhered to the surface of the ligament throughout the mechanical test. The adherence of the 330 
paint on the ligament was not noticeably affected by the buffer solution used for controlling 331 
specimen hydration.  332 
The experimental load-displacement curves showed variabilities across and within the five 333 
ACLs. Variabilities across the specimens showed the highest standard deviation of 54% of 334 
the mean and this value decreases with increasing the applied load with the lowest value 335 
being 39% (Table 2). Specimen one, two and three showed similar patterns of decreasing 336 
coefficient of variation with increasing loads (Table 3). The range of coefficient of variation in 337 
specimen five was 22 to 26 %, which is noticeably smaller compared to the rest of the 338 
specimens (Table 3).  339 
 340 
3.2. ACL Finite Element Model 341 
To generate an ACL-specific finite element model, a surface matching process (iterative 342 
closest point method) was undertaken to obtain transformation parameters for the 3D DIC 343 
setup. The transformation parameters for each surface changed with more iterations and 344 
optimal values with RMS <0.24 % were achieved after 30 iterations (Supplementary 345 
Materials Fig. S5). Once the transformation parameters were obtained, they were utilised in 346 


































































consisted of three parts, separating the middle region of the ACLs with tibia and femur bones 348 
at each end. Both tibia and femur bones were used as boundary conditions.  349 
 350 
3.3. Inverse Finite Element Analysis of the ACLs 351 
Parameters for the ACL-specific finite element models were derived through the inverse 352 
analysis process to simultaneously represent characteristics of a hyperelastic material model 353 
(Table 1). Variabilities were noticed across the specimens, the standard deviations were 354 
78.05% and 56.77% of the mean values for µ and α, respectively. With the aid of ABAQUS 355 
software, nominal stress and strain values were calculated so that they can be compared 356 
with results from relevant literature [19,33,55] (Supplementary Materials Table S3 and S4). 357 
As shown in Fig. 7, the median values of nominal stress fall within the range of stress values 358 
reported in the previous studies. The stress values reported in Mallett and Arruda [19], 359 
however, were several magnitudes higher than the previous literature. We suspect that this 360 
is because Mallett and Arruda tested on ovine ACLs and they separated the anterior and 361 
posterior bundles of the ligament for their tensile tests, whereas similar to the current study, 362 
both studies reported in Fig. 7 used dog  ACLs as their femur-ligament-tibia complex model. 363 
The particle swarm optimisation utilised in the inverse analysis showed RMS values 364 
reducing to <1.5 % by the 50th iteration (Supplementary Materials Fig. S6).  365 
Stress and logarithmic strain distribution across the surface of an ACL-specific finite element 366 
model is shown in Fig. 6. For this specimen, the highest stress and strain values were 367 
observed around the inward middle structure of the ligaments, with stress values ranging 368 
from 0.6 to 0.75 MPa and logarithmic strain ranging from 0.064 to 0.08 mm/mm. Similar 369 
characteristics were observed in the other four ligament specimens (Supplementary 370 



































































4. Discussion 373 
In this study we developed a non-conventional technique combining 3D imaging and 374 
numerical modelling methods to characterise material behaviour of intact anterior cruciate 375 
ligaments. The imaging technique comprised a test setup with six cameras around an 376 
Instron tensile test machine to capture full view of tested specimens. The cameras were 377 
paired to generate 3D images of the specimens during testing. These images were 378 
employed in the creation of ACL-specific finite element models that simultaneously represent 379 
material characteristics of the ligaments. 380 
Conventional methods to characterise material properties of complex tissues such as 381 
anterior cruciate ligaments (ACLs) underestimate the inhomogeneous and anisotropic 382 
structure of ligaments [32,56]. The inhomogeneity of cruciate ligaments comes from their 383 
complex macro, micro and ultra-histologic structure [57]. In ACLs, the ligament structure is 384 
fibrocartilaginous in composition at the tibial ligament insertion region [56]. Regional 385 
variations are impacted by mechanical roles of the ligament, such that regions of ligaments 386 
under compressive forces are likely to increase fibrocartilaginous matrix composition, hence 387 
creating an inhomogeneous tissue structure [58]. In addition, the geometrical structure of 388 
anterior cruciate ligaments is complex and non-uniform, making conventional testing method 389 
less desirable [59]. Several studies followed the double-bundle model of anterior cruciate 390 
ligament anatomy (anterior medial and posterior lateral bundles) and determined material 391 
properties of the two bundles by separating one from the other [19,60–62]. This approach 392 
may have reduced some of the limitations of conventional mechanical tests by eliminating 393 
some of the complexity of the ligament structure and providing a more uniform geometry. 394 
However, sectioning the bundles could result in damage to collagen fibres on the ligament 395 
surface and result in errors in the material characterisation. Our study tested the ACL as one 396 
structure, where potential damage to the tissue surface was prevented, hence structural 397 


































































through the application of 3D DIC, which allowed us to monitor load distribution across the 399 
whole structure of the ligament. 400 
In order to facilitate the 3D DIC analysis, a speckle pattern was applied to the specimen 401 
surface. To achieve a good quality of speckle pattern, an optimal speckle size of 0.02 - 0.2 402 
mm randomly spread across the length of the ligament were attained. Studies reported the 403 
use of surface markers to measure the gauge length of specimens during testing [64,65] and 404 
some researchers optically tracked grip slippage with marks at the tissue-grip interface [66]. 405 
However, these studies employed a limited number of markers (ranging from 9-15 per 406 
specimen) along the direction of loads which did not provide the high-resolution 3D DIC 407 
offers and could not fully assess heterogeneity of the tissue. 408 
In this study, tensile load was applied at a slow strain rate of 1 %/min while images were 409 
taken using the 3D DIC setup. Slow strain rate of <10 %/min was selected to investigate the 410 
toe region of the stress-strain behaviour of the ACL [3,33,67]. In addition, by applying a 411 
tensile load at a slow strain rate, distortion of the deformation images captured from the 412 
DSLR cameras was minimised.  413 
The micro lenses on the cameras and the tensile load cell were exceedingly sensitive to 414 
vibrations, and care was taken to reduce movements during the experiments. The data 415 
collected from the DIC analysis for the longitudinal displacement at the top region of the 416 
ligament was lower than data from the materials testing machine which is similar to the 417 
previous findings [19]. In this study, surface deformation (longitudinal extension) and strain 418 
showed inhomogeneous characteristics across the surface of the ligament and this was also 419 
observed in the ACL-specific finite element models. It is important to note that the results 420 
showed variations within and across specimens which could be due to varying cadaver 421 
demographics, such as age, gender and bodyweight [68].  422 
One of the objectives for the development of our 3D DIC method was to generate specimen 423 


































































simultaneously represent characteristics of the ligaments. The ACL-specific models were 425 
subjective in their characteristics; however, similar inhomogeneous trends were observed 426 
across the surface of the models (Supplementary Materials Fig. S7). 427 
3D DIC data only from the middle region of the ligament served as input for the optimisation 428 
routine to derive constitutive coefficients that characterise ligament behaviour and this is 429 
where ACLs undergo uniaxial loading and are susceptible to rupture [19,69]. However, 430 
studies using 3D DIC to characterise the human Achilles tendon and ovine anterior medial 431 
bundle of anterior cruciate ligament reported that measurements were more accurate at the 432 
centre of the specimen, with specimens being relatively homogenous, compared to other 433 
regions [17,19]. Due to the complex anatomical structure of the ACL, in particular the 434 
proximal-to-distal outward spiral in the ligament, there were some blind spots where the 435 
cameras could not track the speckle pattern. We minimised the errors due to this limitation 436 
by using the 2D images to aid Poisson surface reconstruction algorithm and reproduce the 437 
missing regions. 438 
One of the limitations in this study was the assumption of using an isotropic constitutive 439 
model to represent the ACL material properties, however, the ACL inherits an anisotropic 440 
characteristic. Therefore, future studies should aim to model the ligament with anisotropic 441 
properties. In addition, the current study focused on an overall characterisation in the middle 442 
region of the ligament, and this approach excluded other areas of the bone-ligament-bone 443 
complex such as the origin and insertion regions of the ligament. One way to overcome this 444 
for future studies is to map the correlated facets from the DIC on top of the finite element 445 
models of the ACLs in order to create a point-wise resolution of the material properties. The 446 
limited number of cadaveric specimens made it challenging to perform descriptive statistical 447 
analysis. The variability in results were calculated assuming the normal distribution of data. 448 
Finally, although a rigorous and reliable protocol was followed to ensure that the surface 449 
displacements were accurately determined during the uniaxial experiments [18,45,53], the 450 


































































some discrepancies may exist between the optimised material parameters and the intrinsic 452 
behaviour of the tissue. However, the maximum RMS errors between the experimental and 453 
numerical displacements were between 0.53% to 1.1%, hence these discrepancies are 454 
expected to be minimal (Fig. 7). 455 
 456 
5. Conclusions 457 
In this study, we developed a methodology to overcome the challenges that are present with 458 
utilising conventional mechanical testing to determine material properties of complex 459 
biological tissues, such as anterior cruciate ligaments. In this paper, the development and 460 
adoption of our methodology which is a combination of full-field 3D DIC and inverse finite 461 
element analysis has been demonstrated. The importance of our methodology lies in its 462 
ability to capture deformation around the whole structure (360 view) of the ACLs and this 463 
information are used as input in the inverse finite element analysis to derive material 464 
behaviour across the surface of the ligament. 465 
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Fig. 1.  (a) Anterior and (b) posterior views of an anterior cruciate ligament. (c) The ligament 
with speckle patterns. 
Fig. 2.  The digital image correlation (DIC) setup for testing an anterior cruciate ligament. (a) 
Schematic view of the DIC setup around the tensile testing machine. (b) Complete built of 
the DIC setup showing all six cameras, stainless-steel tank and the specimen submerged in 
20 ml buffer solution (15ml of 20mM Tris pH 7.5, 150 mM NaCl, 5 mM CaCl2) with protease 
inhibitors (1 tablet of mini-cOmplete per 10 ml of buffer, SIGMA-ALDRICH/Roche, USA). 
Fig. 3.  Representative average load-displacement curves at different regions across the 
surface of the anterior cruciate ligament during a tensile test. Curves for the top, middle 
(mid) and lower regions obtained from the image correlations using 3D digital image 
correlation setup and the tensile test on the material testing machine curve obtained from the 
moving crosshead of the material testing machine. The error bars represent specimen 
variations (n=5), the maximum  
Fig. 4.  Total displacement and true strain across the surface of an ACL at maximum load 
from all three camera pairs. Additional images showing load-displacement distribution can 
be found in Supplementary Material (Supplementary Materials Fig. S4). 
Fig. 5.  Schematics showing the process of mapping the three surfaces of the reference 
object (red, green and blue) on the virtual surface in order to obtain transformation 
parameters for the 3D digital image correlation test setup. Subsequently, the parameters 
were applied on to the 3D surfaces of the ligaments to construct 3D point clouds, which were 
then converted to tight mesh, solid geometry and finally continuous solid finite element 
models. 
Figure Caption (s)
Fig. 6.  Finite element models of an ACL with hyperelastic material properties showing (a) 
von Mises stress (S, Mises) and (b) maximum principal logarithmic strain (LE, Max, 
Principal) across the surface at different views. 
Fig. 7.  The box plot shows nominal stress and strain calculated from the Ogden material 
model parameters for the current study. The scattered dots in magenta, blue and red are 
nominal stress and strain values obtained from previous literature. Although sample 
deviations appear to be large, the median nominal stresses (the line in the middle of the 
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Fig. 2.  The digital image correlation (DIC) setup for testing an anterior cruciate ligament. (a) Schematic 
view of the DIC setup around the tensile testing machine. (b) Complete built of the DIC setup showing all 
six cameras, stainless-steel tank and the specimen submerged in 20 ml buffer solution (15ml of 20mM Tris 
pH 7.5, 150 mM NaCl, 5 mM CaCl2) with protease inhibitors (1 tablet of mini-cOmplete per 10 ml of buffer, 
SIGMA-ALDRICH/Roche, USA).  
 
Fig. 3.  Representative average load-displacement curves at different regions across the surface of the 
anterior cruciate ligament during a tensile test. Curves for the top, middle (mid) and lower regions obtained 
from the image correlations using 3D digital image correlation setup and the tensile test on the material 
testing machine curve obtained from the moving crosshead of the material testing machine. The error bars 
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Fig. 4.  Total displacement and true strain across the surface of an ACL at maximum load from all three 
camera pairs. Additional images showing load-displacement distribution can be found in Supplementary 




Fig. 5.  Schematics showing the process of mapping the three surfaces of the reference object (red, green and blue) on the virtual surface in 
order to obtain transformation parameters for the 3D digital image correlation test setup. Subsequently, the parameters were applied on to the 
3D surfaces of the ligaments to construct 3D point clouds, which were then converted to tight mesh, solid geometry and finally continuous 
solid finite element models.  
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Fig. 6.  Finite element models of an ACL with hyperelastic material properties showing (a) von Mises stress (S, Mises) and (b) maximum 





Fig. 7.  The box plot shows nominal stress and strain calculated from the Ogden material model 
parameters for the current study. The scattered dots in magenta, blue and red are nominal stress and 
strain values obtained from previous literature. Although sample deviations appear to be large, the median 
nominal stresses (the line in the middle of the boxes) agree with the values in the literature. 
Table 1 
Numerical parameters (µ and α) derived from inverse analysis of the ACL-specific finite 
element models defining non-linear hyperelastic characteristics of the ACLs. Root mean 
square (RMS) values represents the accuracy achieved between experimental and 
numerical data during the inverse analysis. There are two suspected outliers, and they are µ 
for specimen one and α for specimen three. The coefficient of variation for both parameters 
might have been affected because of the suspected outliers. 
Specimen No. µ α RMS (%) 
1 2.58 20.36 0. 63 
2 0.23 17.72 1.11 
3 0.82 70.32 0.53 
4 0.64 44.52 0.67 
5 0.08 14.31 0.76 
First Quartile (25%) 0.16 16.01 
 
Third Quartile (75%) 1.70 57.42 
Interquartile Range (IQR) 1.54 41.40 
Suspected Outliers (Inner Fence: 1.5 x IQR) 2.32 62.11 
Outlier (Outer Fence: 3 x IQR above third quartile) 6.33 181.63 
Outlier (Outer Fence: 3 x IQR below first quartile) 4.48 108.20 
Mean 0.87 33.44 
Standard Deviation 1.00 23.81 
Coefficient of Variation (%) 115.24 71.18 
Mean – excluding outlier 0.44 24.23 
Standard Deviation – excluding outlier 0.34 13.75 







Longitudinal displacement obtained from the digital image correlation test setup, their 
corresponding standard deviation, and the coefficient of variation values across the five 
cadaveric specimens. The highest standard deviation is 54% of the mean and this value 







Coefficient of Variation 
(%) 
0.0 0 0 N/A 
1.1 0.074 0.040 54 
2.2 0.129 0.063 49 
3.3 0.168 0.079 47 
4.4 0.198 0.088 44 
5.5 0.229 0.099 43 
6.6 0.257 0.108 41 
7.7 0.278 0.112 40 
8.8 0.300 0.120 39 




Longitudinal displacement obtained from the digital image correlation test setup, their corresponding standard deviation, and the coefficient of 
variation values within the specimens. The standard deviation describes variability of data obtained from different camera pairs. Abbreviations: 
Dis, longitudinal displacement; SD, standard deviation of the mean; CV, coefficient of variation. 
Load (N) 


























0.0 0.000 0.000 N/A 0.000 0.000 N/A 0.000 0.000 N/A 0.000 0.000 N/A 0.000 0.000 N/A 
1.1 0.028 0.010 36 0.086 0.047 55 0.036 0.025 69 0.116 0.048 41 0.105 0.024 22 
2.2 0.061 0.020 32 0.141 0.073 51 0.065 0.043 66 0.193 0.082 42 0.183 0.042 22 
3.3 0.085 0.027 32 0.179 0.089 49 0.087 0.058 66 0.246 0.110 44 0.241 0.059 24 
4.4 0.110 0.033 30 0.209 0.101 48 0.105 0.069 66 0.279 0.127 45 0.285 0.073 25 
5.5 0.134 0.039 29 0.243 0.109 44 0.121 0.080 65 0.312 0.145 46 0.334 0.088 26 
6.6 0.158 0.043 26 0.269 0.113 41 0.136 0.089 65 0.341 0.162 47 0.378 0.086 22 
7.7 0.178 0.048 27 0.292 0.117 40 0.149 0.098 65 0.364 0.176 48 0.406 0.099 24 
8.8 0.197 0.051 25 0.314 0.122 38 0.161 0.105 65 0.387 0.192 49 0.440 0.100 22 
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